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U.  ABSTRACT 

v  The  purpose  of  the  third  AFCRL  Trailblazer  II  reentry  vehicle  flight  was  to 
study  the  effects  of  shock  ionized  air  on  the  performance  of  a  microwave  antenna 
system  located  in  the  expansion  region  of  the  nose  cone.  The  system  consisted  of 
a  pair  of  cavity-backed  circumferential  slot  antennas  mounted  one  behind  the  other 
on  the  conical  afterbody  of  the  reentry  vehicle.  During  reentry,  measurements  of 
antenna  impedance  mismatch,  interantenr.a  coupling,  signal  attenuation  and  antenna 
pattern  distortion  were  made.  The  data  have  been  compared  with  computed  values 
and  found  to  be  in  good  agreement.  This  experiment  thus  establishes  the  validity 
of  the  various  microwave  and  flow  field  models  ant  calculations  used  to  obtain  the 
theoretical  values  in  the  shoulder  region  of  the  reentry  body.  These  results  will 
now  serve  as  a  standard  against  which  to  compare  the  properties  of  various 
chemical  alleviants  which  are  being  studied  in  other  flights 
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Performance  of  a  Microwave  Antenna  System 
in  the  Shoulder  Region  of  a  Blunt 
Reentry  Nose  Cone 


I.  INTRODUCTION 


This  report  represents  an  analysis  of  data  obtained  during  the  third  flight  in  a 
continuing  series  of  experiments  flown  by  AFCRL  aboard  Trailblazer  II  rockets. 
Details  on  other  flights  in  the  series  can  be  found  in  separably  published  reports. 1 
The  over-all  purpose  of  the  program  is  twofold:  The  first  three  flights  have  been 
devoted  to  the  study  of  the  effects  of  the  plasma  sheath  on  microwave  systems, 
whereas  the  remaining  ones  involve  methods  of  eliminating  the  radio  blackout  and 
other  adverse  effects  that  generally  occur  during  the  hypersonic  reentry  of 
aerospace  vehicles. 


(Received  for  publication  24  October  '1973) 
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On  the  first  two  flights,  the  microwave  measurements  of  plasma  effects  were 

confined  to  the  stagnation  region  at  the  nose  of  the  vehicle.  Here  the  flow  of  high 

temperature  gases  in  the  shock  layers  formed  by  the  vehicle  is  more  symmetrical 

and  easier  to  calculate.  Hence  the  analysis  of  a  microwave  antenr.a  system  that 

depends  on  the  detail  knowledge  of  the  flow  over  the  antenna  is  more  easily  carried 

out.  Thus  meaningful  comparisons  between  theory  and  measurement  can  be  made. 

In  contrast,  the  present  flight  involves  microwave  antenna  systems  located 

on  the  conical  afterbody  where  the  envelope  of  ionized  gases  undergoes  expansion 

and  cooling.  The  flow  here  can  no  longer  be  considered  Ft:  ictly  axisymmetric 

since  the  vehicle  enters  at  an  angle  of  attack.  As  a  result,  the  analysis  of  plasma- 

signal  interactions  is  considerably  more  complex. 

On  all  flights,  the  microwave  experiments  were  accompanied  by  subsidiary 

diagnostic  probes  designed  to  produce  independent  corroboration  of  the  plasma 
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and  its  effects.  On  previous  flights,  electroacoustic  probes  and  electrostatic 

probes  have  been  used.  The  latter,  the  r.iost  successful,  were  also  included  on 
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the  present  flight  along  with  a  strip  line  probe  and  a  dual  element  conductivity 
probe. ® 

However,  the  pr?kent  experiment  was  principally  concerned  with  the  radiating 
characteristics  of  the  S-band  antennas  on  the  shoulder  of  the  vehicle,  therefore 
only  the  information  from  this  system  will  be  analyzed  in  the  report;  in  particular, 
the  modification  of  the  antenna  radiation  pattern,  the  antenna  impedance  mismatch, 
the  interantenna  coupling,  and  the  signal  attenuation  due  to  the  plasma  sheath 
during  the  flight  will  be  presented  in  detail. 

A  knowledge  of  the  experimental  conditions  is  necessary  in  order  to  place 
the  results  in  context.  For  this  reason,  a  general  description  of  the  vehicle  and 
experiment  is  first  presented  in  Section  2. 


2.  DESCRIPTION  OF  VEHICLE  AND  EXPERIMENT 

The  reentry  nose  cone  is  launched  on  a  Trailblazer  II  vehicle.  Figure  1, 
a  four-stage  solid -propellant  rocket.  After  the  first  two  stages  drive  the  vehicle 
to  an  altitude  of  about  200  miles,  the  last  two  stages  propel  the  reentry  nose  cone 
back  toward  the  atmosphere  in  an  almost  vertical  trajectory.  During  ascent, 
the  vehicle  is  fin-stabilized.  Shortly  after  launch,  the  canted  second-stage  fins 


6.  Lustig,  C.  D.,  and  Hayes,  D.T.  (1969)  Observation  of  electroacoustic 
resonance  in  a  reentry  sheath,  Proc,  IEEE  57(No.  5):800-802. 

7.  Karas,  N.V.  (1972)  Microstrip  Plasma  Probe.  AFCRL-72-0417. 

8.  Aisenberg,  S.,  and  Chang.  K.  W.  (1971)  Chemical  Additives  and  Diagnostics 
for  High  Temperature  Air  Plasmas.  AFCRL-62-0354,  Final  Report,  Contract 

F 19628 -7 1 -C -0077. 
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Figure  1.  Trailblazer  II  Vehicle  on  Launcher 
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Figure  1.  Trailblazer  II  Vehicle  on  Launcher 
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induce  spinning,  and  as  the  vehicle  leaves  the  atmosphere,  its  spin  rate  is  high 
enough  to  ensure  that  it  will  be  spin-stabilized  through  the  remainder  of  the  flight. 

The  last  two  stages  are  enclosed  in  a  structural  shell  (velocity  package),  facing 
rearward  during  launch  (Figure  2).  At  about  250  kft,  the  velocity  package  separates 
from  the  spent  second -stage  motor  and  coasts  to  apogee.  As  the  velocity  package 
begins  its  descent,  the  X-248  third-stage  motor  fires,  propelling  the  reentry  nose 
cone  out  of  the  open  end  of  the  velocity  package.  The  15-inch  fourth-stage  spherical 
motor  provides  the  final  thrust  necessary  to  boost  the  nose  cone  velocity  to  about 
17, 000  fps  by  the  time  it  reaches  the  start  of  reentry. 

The  reentry  nose  cone  (Figure  3)  is  a  9°  hemisphere-cone  fabricated  entirely 
of  aluminum.  Its  dimensions  are:  nose  cap  radius  6.33  in.;  total  length  26.47  in.; 
and  base  diameter  19. 17  in.  The  instrumented  nose  cone  weighs  about  72  lb 
including  the  spent  fourth-stage  motor  which  remains  within  the  reentry  body.  In 
order  that  the  measured  plasma  properties  can  be  compared  with  the  values  pre¬ 
dicted  from  clean-air  flow-field  calculations,  the  heat-sink  method  of  thermal 
protection  (no  ablative  coatings)  is  used  to  ensure  that  the  flow  about  the  vehicle 
is  not  contaminated  with  ablation  products. 

The  experiment  was  designed  to  make  a  number  of  specific  measurements 
of  the  plasma  and  the  behavior  of  microwave  radiating  and  receiving  systems 
beiore  and  during  reentry.  The  payload  (Figure  4)  can  be  conveniently  divided  into 
five  sections:  (1)  the  telemetry/ secondary  test  system;  (2)  the  conductivity  probe; 
(3)  a  set  of  four  electrostatic  probes;  (4)  a  strip-line  probe;  and  (5)  the  S-band 
test  transmitting  and  receiving  system.  Although  only  the  flight  test  results  con¬ 
cerned  with  the  S-band  test  system  will  be  considered  in  this  report,  the  function 
of  the  other  payload  systems  wiil  be  briefly  outlined. 

Flight  measurements  were  transmitted  to  the  ground  over  an  S-band 

(2220.  5  MHe)  telemetry  system  (TX/TM)  that  also  served  as  a  secondary  test 

source  for  antenna  impedance  and  signal  attenuation  measurements.  Description 

of  plasma  properties  at  the  rear  of  the  vehicle  is  highly  complicated;  analysis 

of  performance  of  these  antennas  is  thus  more  difficult.  The  specific  causes  of 

the  complex  flow  field  were  the  non-zero  angle  of  attack  aud  high  spin  rate  of  the 

vehicle.  This  introduced  asymmetry  which  was  quite  pronounced  in  the  flow  at 
g 

the  back  of  the  vehicle.  In  addition,  the  flow  at  the  back  of  the  nose  cone  is 
undergoing  transition  to  wake  conditions.  Because  of  these  factors,  analysis  of 
data  from  the  telemetry  system  will  be  carried  out  later  and  presented  in  a  future 
report. 


9.  Lennon,  J.F.  (1972)  Trailblazer  II  Rocket  Testt  on  the  Reentry  Plasma 
Sheath:  Vehicle  Performance  and  Plasma  Predictions  ( ."Tights  No.  1  - 3T 
AFCRL-TR-73-0317. 
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Figure  2.  General  Features  of  Typical  Trailblazer  II  Trajectory 


Figure  3.  Reentry  Nose  Cone 
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Figure  4.  Block  Diagram  of  Payload 


The  conductivity  gauge  had  a  flush-mounted  probe  located  at  the  shoulder  of 
the  vehicle.  The  plasma  properties  were  to  be  determined  by  measuring  the  inter¬ 
action  of  the  probe's  magnetic  field  with  the  adjacent  shock  ionized  flow.  However, 
because  the  over-all  sensitivity  of  the  system  was  not  great  enough,  performance 

D 

of  the  conduct,  ny  t  luge  was  marginal.  Aisenberg  and  Chang  give  a  description 

9 

of  the  probe  a.nd  its  flight  data.  Lennon  discusses  the  poor  agreement  between 
the  conductivity  gauge  results  and  expected  values  as  confirmed  by  other  instru¬ 
ments  and  the  theoretical  analysis. 

The  electrostatic  probe  system  determined  electron  and  ion  densities  near  the 

surface  of  the  vehicle.  The  bias  potential  of  some  of  the  probes  was  periodically 

2 

switched  during  flight  to  obtain  results  at  several  distances  from  the  surface. 
Analysis  of  probe  measurement  results  shov.  sood  agreement  with  flow  field  theory 
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only  in  the  stagnation  region  of  the  nose  cone.  For  body  locations  beyond  the 
shoulder,  agreement  between  the  probe  measurements  and  flow  field  theory  is 
not  so  good,  differences  being  observed  for  both  the  magnitude  of  the  electron 

density  and  the  slope  of  the  electron  density  profile. 

7 

The  stripline  probe  is  a  new  diagnostic  device  which  consists  of  a  lossy  strip 
transmission  line  mounted  on  the  surface  of  the  vehicle.  The  outboard  ground 
plane  is  omitted  so  that  during  reentry  the  internal  fields  will  be  affected  by  the 
dielectric  properties  of  the  flow  in  the  boundary  layer  about  the  vehicle  at  the  probe 
location.  Measurement  of  reflection  and  transmission  characteristics  of  the  line 
give  information  on  the  plasma.  Analysis  of  the  data,  now  in  preparation,  will  be 
reported  separately. 

Figure  5  shows  the  locations  of  various  antennas  and  probes  (see  Table  1), 
with  relative  placement  based  on  the  behavior  of  the  plasma  sheath  as  predicted 
from  previous  flight  data  and  the  measurement  goals  of  this  flight;  for  example, 
probes  ES-1  and  ES-2  were  placed  on  the  nose  cap,  where  agreement  between  pre¬ 
dicted  and  measured  electron  density  is  expected  to  be  excellent.  Probes  cor¬ 
responding  to  ES-2  have  been  flown  on  all  previous  flights  with  equally  good  results. 
These  two  probes  served  as  a  reference  for  comparison  of  other  measured  data. 
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Figure  5.  Head-on  View  of  the  Nose  Cone  Showing  the  Location  of  Antennas  and 
Probes 


Table  1.  Antenna  and  Probe  Locations  and  Identifications 


Bias 

Station 

M 

4 

Device 

Symbol 

Voltage 

(in.) 

1 

Clockwise 

ES-1 

Negative 

0 

0 

- 

15 

ES-2 

Negative 

5, 15,30 

0.70 

0.47 

0° 

Electrostatic 

Probes 

ES-3 

Negative 

5, 15,  30 

12.62 

2.  58 

4.5° 

ES-4 

Positive 

15 

12.62 

2.  58 

355.0° 

Test  Antenna 
Transmit 

TX 

- 

8.03 

1.84 

0° 

Test  Antenna 
Receive 

RX 

- 

10.31 

2.30 

0° 

TM-1 

- 

105.5° 

Telemetry 

Antenna 

TM-2 

- 

24.27 

4.44 

195.5° 

TM-3 

- 

285.5 

Secondary  Test/ 
Telemetry  Antenna 

TX/TM 

- 

15.5° 

Strip  Line 

SL 

- 

10.91 

1.84 

186.0 

Conductivity  Gauge 

CG 

- 

90.0° 

Probes  ES-3  and  ES-4  were  placed  immediately  behind  the  receiving  antenna  of 
the  S-band  test  system.  This  allows  a  direct  comparison  between  the  values  for 
the  plasma  properties  as  determined  by  the  probes  and  the  levels  indicated  by 
the  microwave  antenna  results. 

The  location  of  the  test  antennas  was  chosen  to  ensure  large  plasma  sheath 
effects  on  their  performance,  whereas  the  location  of  the  telemetry  antennas  was 
10  minimize  the  interference  of  the  plasma  sheath. 

The  plasma  conditions  around  the  vehicle  to  which  the  various  devices  are 
exposed  depend  on  the  over-all  flight  performance  of  the  specific  vehicle.  In 
Section  3,  the  performance  of  the  present  flight  is  analyzed  to  establish  the  con¬ 
ditions  during  the  test  and  to  give  a  clear  understanding  of  the  flight  trajectory 

geometry  necessary  to  compute  the  radiation  patterns  of  the  test  antenna. 

9 

Lennon  gives  further  details  that  relate  the  performance  of  the  present  flight  to 
that  of  the  other  two  vehicles  in  the  first  phase  of  the  AFCRL  project. 
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3.  VEHICLE  PLIGHT  "ERKORMWCE 


The  flight  and  vehicle  can  be  described  in  terms  of  a  number  of  parameters 
that  characterize  the  experimental  payload  and  the  over-all  flight  history.  Table  2 
summarizes  these  factors  for  the  third  flight.  Figure  6  shows  the  vehicle  trajectory 
with  the  significant  flight  events  indicated.  The  trajectories  of  ail  the  launches  in 
the  series  have  been  quite  similar,  closely  matching  the  original  design  goals. 

The  time-velocity  history  of  the  reentry  nose  cone  is  shown  in  Figure  7.  For  con¬ 
venience,  the  time-altitude  history  is  also  given  here.  It  is  seen  that  a  peak 
reentry  velocity  of  about  18,000  fps,  the  highest  value  recorded  on  any  of  the 
flights,  was  attained.  Thus  in  comparison,  the  slightly  greater  shock  strength 
that  results  for  this  case  should  produce  somewhat  greater  heating  and  ionization 
levels.  By  the  time  the  vehicle  has  descended  to  around  190  kft,  the  increasing 
air  density  has  begun  to  induce  significant  deceleration.  Below  90  kft,  as  is  typical 
of  all  the  flights,  the  radar  tracking  data  became  unreliable.  It  has  not  as  yet  been 
possible  to  resolve  w'hether  this  failure  can  be  attributed  to  effects  based  on  some 
surface  melting  of  the  aluminum  owing  to  aerodynamic  heating,  or  to  a  break  in 
radar  tracking  lock  owing  to  the  onset  of  high  decelerations  of  these  altitudes. 

Once  the  fourth-stage  motor  had  ceased  its  burn  at  around  500  kft,  gravity 
and  aerodynamically -induced  drag  become  the  only  factors  affecting  the  vehicle. 

The  nose  cone  was  spin-stabilized  during  the  freefall.  Because  of  spin  and  the 
non-zero  angle  of  attack,  changes  in  the  vehicle  orientation  during  reentry  had 
a  corresponding  effect  on  the  microwave  transmission  data  and  the  electrostatic 
probe  data,  appearing  as  a  modulation  on  the  respons  ;  of  the  devices  to  the  ex¬ 
ternal  plasma  (Figure  8).  Precession  is  not  observed  until  around  200  kft,  where 
air  density  has  become  significant.  The  initial  modulation  is  a  constant  10.8  rps, 
due  solely  to  vehicle  spin.  The  aerodynamic  forces  below  200  kft  induce  an  addi¬ 
tional  precession  that  produces  an  increase  in  the  frequency  of  the  cyclic  response 
(Figure  8).  These  forces  also  tend  to  suppress  the  angle  of  attack  of  the  nose 
cone.  However,  the  spin  tends  to  oppose  this.  Figure  9  shows  a  theoretical 
decay  history  for  the  angle  of  attack  envelope,  using  the  present  vehicle  para- 

•O 

meters.  The  initial  angle  of  attack  a_  was  about  10  and  the  decay  from  this 

^  9 

value  has  been  calculated  as  shown  for  both  spin  and  no  spin  conditions. 

The  relative  location  of  the  reentry  nose  cone  with  respect  to  the  ground 
receiving  sites  is  shown  for  three  altitudes  (Figure  10).  As  can  be  seen,  the 
slant  range  between  any  site  and  the  vehicle  remained  effectively  constant  during 
reentry.  Thus,  for  the  most  part,  it  is  valid  to  attribute  changes  in  the  received 
signal  solely  to  plasma  effects.  Owing  to  the  fact  that  the  vehicle  reentered 
almost  vertica’ly  (8  flight  path  angle),  the  surface  locations  projected  for  the 
three  altitudes  are  clustered  together.  These  factors  all  have  a  bearing  on 
interpretation  of  the  data. 
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Table  2.  Vehicle  and  Flight  Parameters  for  Third  Flight 


Launch 

1900  hr  (EST) 

24  Nov  1970 

Third -stage  burn  time 

40. 8  sec 

Payload  weight 

70.  65  lb 

Fourth-stage  burn  time 

9.4  sec 

w/cDA 

86.3  lb/ft2 

Initial  coning:  Allowed  value 

5.  53  rps 

Spin  rate 

11  rps 

Peak  velocity  (at  216.5  kft) 

17,972  ft/sec 

XT 

0.  924  slug  ft 

Initial  angle  of  attack 

10°6' 

*A 

0.  510  slug  ft2 

Reentry  flight  azimuth 

31° 

Center  of  gravity 
(distance  from 
nose) 

9.  76  in. 

Time  from  launch  to 
reentry  (300  kft) 

405.4  sec 

Apogee 

990,  548  ft 

Reentry  angle 
(w.r.  t  vertical) 

8.4° 

Figure  6,  Flight  Trajectory  Showing  Significant  Events 
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TIME  FROM  LAUNCH  (mc) 


The  p-eceding  discussion  has  identified  the  flight  environment  of  the  experi¬ 
ments,  The  next  section  'will  describe  in  detail  the  actual  S-band  system  and  the 
measurement  techniques  of  the  tlight. 

4.  S-BAND  TEST  SYSTEM 
4.1  Introduction 

In  thi .  section,  the  primary  S-band  test  system  is  described  and  the  important 
in-flight  ntasurements  pointed  out.  A  brief  description  of  antenna  performance  in 
the  presence  of  plasma  follows  with  related  stagnation  region  analyses  for  the 
previous  flights  outlined.  Finally,  the  flight  test  results  are  shown  and  compared 
with  predictions.  The  specific  microwave  system  effects  to  be  covered  are: 
antenna  impedance  mismatch  (reflection  loss),  interantenna  coupling,  antenna 
pattern  distortion,  and  signal  attenuation. 

The  predicted  behavior  of  the  S-band  test  system  is  based  on  theoretical  flow 
field  calculations  for  a  similar  body  configuration  and  free  steam  velocity;  for 
example,  the  high  altitude  results  depend  on  the  work  of  Lew.  Details  of  the 
various  models  used  under  the  whole  range  of  conditions,  together  with  ?  full 
description  of  the  technique  by  which  these  results  were  adapted  in  order  to  provide 
the  necessary  inputs  for  theoretical  antenna  calculations,  are  given  in  a  complementary 
report.  * 1 .  However,  the  results  will  be  presented  in  a  consistent  form  so  that  the 
basis  for  comparison  will  be  clear.  A  biock  diagram  cf  the  S-band  test  system 
(Figure  11)  consists  of  a  solid-state,  2.  5  W,  CW  transmitter  connected  to  its 
antenna  through  a  reflectometer  made  up  of  a  directional  coupler  to  sample  the 
incident  power  Pjnc,  and  a  circulator  to  sample  the  reflected  power  Prej.  The 
directional  coupler  and  circulator  outputs  are  detected  and  amplified  to  a  level 
(0-5  V  DC)  suitable  for  use  in  the  telemetry  system.  The  operating  frequency  was 
chosen  as  2290.  5  MHz  so  that  standard  S-band  telemetry  system  receivers  could  be 
used  at  the  ground  rece.ving  sites.  A  photograph  of  the  S-band  system  components 
is  shown  in  Figure  12. 

The  transmitting  antenna  was  located  about  2  inches  behind  the  hemisphere -cone 
junction  (Figure  13).  Another  antenna,  electrically  identical  to  the  first,  served  as 
a  receiving  antenna;  it  was  located  farther  back  on  the  vehicle  and  in  line  with  the 
transmitting  antenna.  The  signal  coupled  into  this  antenna  was  detected,  amplified 


10.  Lew,  H.  G.  (1970)  Shock  Layer  Ionization  at  High  Altitudes,  AFCRL-70- 
0702,  Final  Report,  Contract  F19628-69-C0012,  GE  70SD82,  The  General  Electric 
Co.,  Valley  Forge,  Penn. 

11.  Lennon,  J.F.,  and  Poirier,  J.L.  (1973)  Interpretation  of  Microwave 
Antenna  Results  from  a  Reentry  Flight  Test;  A  Comparison  of  Methods,  AFCRL. 
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Figure  13.  Cutaway  View  of  Vehicle  Surface  Showing  S-band  Test  System 


to  a  suitable  level,  and  transmitted  to  the  ground  over  the  telemetry  link.  Suitably 
normalized,  the  signal  power  at  the  receiving  antenna  terminals  Prec  is  a  measure 
of  the  coupling  between  the  receiving  and  transmitting  antennas. 

The  antennas  were  flush-mounted  cavity-backed  slots,  with  operating  character¬ 
istics  that  are  well  known  and  relatively  easy  to  calculate.  A  sketch  of  the  anten¬ 
nas  (Figure  14)  shows  the  coaxial  input  structure  and  cross-bar  feed.  The  cavity 
is  completely  filled  with  hot  pressed  boron  nitride  which  has  a  relative  dielectric 
constant  of  4.  The  electrical  and  physical  properties  of  boron  nitride  make  it  well 
suited  for  this  type  of  application.  Table  3  gives  a  summary  of  the  antenna  dimen¬ 
sions  which  are  used  later  for  computing  the  various  antenna  properties  of  interest. 
The  electrostatic  probes  ES-3  and  ES-4  mounted  behind  the  receiving  antenna  are 
also  shown  in  Figure  13.  The  data  from  these  probes  have  been  reported  previously. 
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Figure  14.  Sketch  of  Test  Antenna 


Table  3,  Test  Antenna  Dimensions  and  Physical  Characteristics 


Cavity  Heifht 

1. 128  in. 

Width 

2.362  in. 

Depth 

0.812  in. 

Aperture  radius 

7.  174  in. 

Feed  Diame  er 

0. 161  in. 

Distance  from  back  wall 

0.328  in. 

Dielectric  Material:  Boron  Nitride  Type  HD0092 

Dielectric  Constant:  4 

Body  Material:  Aluminum 

Input  Connector,  OSM  209 

Terminal  Impedance:  50  ohms 

VSWR:  1.5:1 

Operating  Frequency:  2290.  5  MHz 
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4.2  Xntenna  System  Pe.  formance  in  a  Plasma 

The  operating  characteristics  of  an  antenna  can  be  greatly  affected  by  the 
presence  of  a  plasma.  Almost  always,  the  manifestation  of  the  antenna  system- 
plasma  interaction  is  a  very  significant  or  catastrophic  reduction  in  the  level  of 
the  microwave  signal  received  from  a  reentry  vehicle.  Moreover,  signals  from 
external  sources  are  similarly  affected  before  they  are  received  by  antennas 
mounted  on  reentry  vehicles.  In  addition,  there  are  other  more  subtle  effects  which 
can,  nevertheless,  lead  to  equally  severe  degradations  in  system  performance. 

Chief  among  these  is  the  modification  of  the  radiation  pattern,  which  is  often  nar¬ 
rowed  when  an  antenna  is  covered  by  a  moderately  thick  plasma  slab.  Again,  the 
coupling  between  adjacent  antennas  is  greatly  changed,  an  effect  of  importance  in 
microwave  systems  employing  separate  transmit  and  receive  antennas,  or  in 
multiple  aperture  antenna  systems  where  a  change  in  the  mutual  coupling  of  array 
elements  can  change  the  over -all  radiation  pattern.  Usually,  several  of  these 
effects  are  simultaneously  present. 

In  describing  the  performance  of  an  antenna  system,  one  notes  that  the  power 

reflection  coefficient  r,  which  is  related  to  the  magnitude  of  the  antenna  impedance 

mismatch,  is  the  most  direct -inflight  measurement  which  can  be  made.  The 

reflection  coefficient  is  defined  as  the  ratio  of  the  reflected  power  Pref  to  the 

incident  power  P.  : 

r  me 

r=  .  (1) 

inc 

The  phase  of  the  antenna  impedance  can  also  be  determined,  but  it  requires  some 
additional  measurements.  As  the  plasma  density  increases,  the  power  reflected 
from  an  initially  matched  antenna  also  increases.  When  the  plasma  frequency 
nears  the  operating  frequency,  a  sharp  increase  in  the  power  reflection  coefficient 
takes  place  with  most  of  the  incident  power  reflected.  Typical  values  of  r  for  an 
overdense  plasma  are  0.  8  to  0.  9.  The  increase  in  power  reflection  coefficient  is 
not  monotonic,  but  exhibits  small  local  minima  as  it  nears  unity. 

The  fraction  of  the  signal  power  incident  to  a  transmitting  antenna  which  is 
received  by  a  nearby  antenna  is  also  greatly  affected  by  the  plasma;  that  is,  there 
is  a  substantial  reduction  in  the  received  power  Prec  as  the  plasma  density  builds 
up.  This  is  due  to  two  causes:  first,  the  rise  in  the  reflection  coefficient  of  the 
transmitting  antenna  so  that  only  part  of  the  incident  power  Pjnc  is  radiated;  and 
second,  an  increase  in  the  attenuation  of  the  tra  smitted  signal  as  it  propagates 
to  the  receiving  antenna.  Therefore,  the  interant >  nna  coupling  loss  (in  dB)  is 
defined  as; 

Interantenna  coupling  loss  =  10  log  (P^c^rec^  >  (2) 
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and  includes  both  internal  reflection  losses  and  external  attenuation  losses.  The 
external  coupling  loss  (in  dB)  is  obtained  by  subtracting  the  reflection  loss  accord¬ 
ing  to  the  rule 

p  -P 

inr  rpf 

External  coupling  loss  =  10  leg  — p -  ,  (3) 

rec 

where  is  the  power  reflected  from  the  transmitting  antenna.  The  external 
coupling  loss  between  two  S-band  slot  antennas  can  be  expected  to  change  by 
15  or  20  dB, 

The  attenuation  that  occurs  to  a  signal  propagated  from  a  reentry  vehicle  to 
a  ground  receiving  site  is  of  critical  importance  in  describing  the  operation  of  «. 
microwave  radiating  system.  The  power  received  at  a  point  in  space  depends  on: 
first,  the  reflection  loss  due  to  antenna  mismatch;  second,  the  spatial  distri¬ 
bution  of  the  radiated  power  (antenna  radiation  pattern);  and  third,  the  attenuation 
of  the  signal  as  it  propagates  through  the  plasma.  The  first  of  these  effects  has 
already  been  discussed  in  connection  with  Eq.  (1).  Reflection  losses  of  10  dB 
are  typical  for  the  Trailblazer  II.  The  last  two  system  properties  although  distinct 
in  origin,  often  can  not  be  separated  in  effect.  The  signal  attenuation  which  can 
reach  values  of  25  dB  is  of  special  concern  if  the  signal  must  make  a  round  trip 
traversal  of  the  plasma,  at;  in  certain  radar  applications.  But  simultaneously 
there  can  also  be  a  reduction  (or  increase)  in  signal  strength  because  of  a  plasma- 
induced  modification  to  the  antenna  radiation  pattern.  From  a  measurement  of 
Pg  the  power  received  on  the  ground  and  a  knowledge  of  the  transmitted  power 
Pin,  -  pref.  the  net  signal  attenuation  can  be  found.  This  quantity  relative  to  its 
free  space  value  is  the  composite  signal  attenuation  (CSA). 

csa.1o,oS{(!!¥-^!)(^-)o}.  ,4, 

The  factor  (P  the  peak  free-space  value  (Pre^  =  0  with  no  plasma).  The 

effect  of  antenna  impedance  mismatch  is  automatically  removed  by  this  definition 
so  that  the  CSA  depends  only  on  the  wave  attenuation,  the  antenna  radiation  pat¬ 
tern,  and  the  polarization  relative  to  the  receiving  antenna  of  the  wave.  This 

last  factor  is  involved  because  the  actual  received  power  P  is  used  in  the  definition 

g  12  13 

of  the  CSA.  In  the  case  of  thin  plasmas,  the  radiation  pattern  is  changed  little  ■ 

12.  Fante,  R.  L.  (1967)  Effect  of  thin  plasmas  on  an  aperture  antenna  in  an  in¬ 
finite  ground  plane,  Radio  Science  2(NS)(No.  1  ):86-l 00. 

13.  Rotman,  W.  (1972)  Microwave  measurements  of  flow  field  characteristics 
at  the  stagnation  point  of  a  blunt  reentry  body,  AIAA  Journal  Preprint,  ALAA  5th 
Fluid  and  Plasma  Dynamics  Conference,  Boston,  Mass. 
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and  Eq.  (4)  represents  only  the  attenuation  due  to  the  plasma  sheath.  Otherwise, 
as  for  the  S-band  system  of  this  flight,  Eq.  (4)  represents  the  composite  attenua¬ 
tion  caused  by  pattern  modification  and  signal  attenuation. 

It  should  be  emphasized  here  that  the  quantities  defined  in  Eqs.  (1)  through 
(4)  all  depend  on  the  instantaneous  position  and  orientation  of  the  vehicle.  The 
altitude  sets  the  over-all  plasma  conditions  and  the  orientation  of  the  nose  cone 
relative  to  the  windward  position  accounts  for  angle  of  attack  effects,  determining 
the  exact  local  plasma  density.  The  signal  variation  due  to  the  antenna  radiation 
pattern  of  the  transmitting  antenna  and  polarization  loss  depend  on  the  orientation 
of  the  nose  cone  relative  to  the  ground  receiving  antenna.  Therefore,  the  posi¬ 
tion  and  orientation  of  the  vehicle  must  be  specified  when  discussing  particular 
values  of  these  quantities.  It  will  be  seen  that  the  data  are  given  in  terms  of  a 
body  position  (windward  or  leeward)  or  the  vehicle  spin  angle  for  a  given 
altitude. 

4.3  Compulation  of  Theort  liral  Values 

The  predicted  values  are  obtained  from  a  computer  program  developed  by 
14 

Fante.  This  program  considers  a  pair  of  slot  apertures,  mounted  in  an  infinite 
ground  plane,  radiating  through  an  inhomogeneous  plasma.  The  quantities  which 
are  computed  are  the  aperture  admittances  of  the  slots,  the  interantenna  coupling, 
and  the  composite  signal  attenuation  which  includes  antenna  pattern  modification. 
From  this  and  the  physical  characteristics  of  the  antenna  (Table  3),  the  terminal 
impedance  is  obtained.  The  plasma  is  assumed  to  be  laterally  homogeneous  but 
layered  in  the  normal  direction. 

The  application  of  the  program  to  this  flight  requires  some  justification,  par¬ 
ticularly  for  the  antenna  radiation  pattern.  Discussion  of  these  considerations 
and  the  estimation  of  the  plasma  characteristics  needed  as  an  input  to  the  program 
will  first  be  carried  out. 

The  power  received,  at  an  arbitrary  point  in  space,  from  an  antenna  mounted 
on  a  reentry  vehicle  is  a  complicated  function  of  the  nose  cone  geometry  and  its 
motion.  In  general,  the  computation  of  the  exact  fields  is  impossible  because  of 
the  finite  extent  of  the  reentry  body  and  the  uncertainty  in  its  motion.  In  practice, 
however,  it  is  often  possible  to  make  certain  simplifying  assumptions  that  give 
good  approximate  values  for  the  radiated  fields  and  other  antenna  parameters  of 
interest. 

The  specific  motion  of  the  reentry  nose  cone  is  quite  complicated;  in  fact,  not 
really  known.  For  example,  as  stated  in  Section  3  the  flight  path  angle  was 

14.  Fante,  R.  L,  (1971a)  Reentry  Antenna  Test  Program.  Vol.  2,  AVCO 
Systems  Division  Report,  AVSD-0374-69-CR. 
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,»oout  8°  and  the  initial  angle  of  attack  about  10°,  Precession,  however,  causes 
the  vehicle  axis  (inclined  10°  relative  to  the  flight  path)  to  cone  about  the  flight 
path.  Therefore,  the  angle  between  the  vehicle  axis  and  the  line  to  a  ground 
receiving  site  (called  the  local  look  angle)  changes  as  the  nose  cone  precesses. 
Even  when  the  precession  rate  is  still  zero  (Figure  8),  the  azimuthal  angle  of  the 
body  axis  relative  to  the  flight  path  is  not  known,  and  therefore  the  local  look 
angle  is  also  unknown.  In  addition,  the  aperture  is  inclined  9°  away  from  the 
vehicle  axis  because  the  reentry  vehicle  is  a  hemisphere-cone. 

Because  the  antenna  pattern  of  a  single  slot  antenna  is  fairly  broad,  these 
uncertainties  can  be  overlooked;  it  can  be  assumed  for  the  computation  of  the 
antenna  patterns  that  the  flight  path  is  vertical  and  that  the  angle  of  attack  is  zero. 

These  assumptions  were  predicated  by  the  uncertainty  in  the  motion  of  the 
reentry  body.  Additional  simplifications  can  be  made  because  of  the  size  of  the 
nose  cone  compared  to  the  wavelength.  Since  the  cone  half-angle  is  small,  the 
cone  may  be  replaced  by  a  cylinder.  Again,  if  the  radius  of  the  cylinder  is  suf¬ 
ficiently  large,  the  cylinder,  so  far  as  the  calculation  of  the  radiated  field  is 
concerned,  can  be  replaced  by  an  infinite  ground  plane.  This  greatly  simplifies 
the  computation  of  the  antenna  pattern.  Fantei5  has  shown  that  the  admittance  of 
an  axial  slot  aperture  on  a  cylinder  is  within  20  percent  of  that  of  an  identical 
slot  on  a  flat  ground  plane  when  ka  =  8.  Here  k  is  the  wave  number  and  a  is  the 
radius  of  the  cylinder.  The  factor  ka  is  equal  to  8.  6  for  the  Trailblazer  II  antenna 
being  considered.  The  above  criterion  is  ciso  valid  for  the  determination  of  inter¬ 
antenna  coupling. 

With  these  assumptions,  the  antenna  fields  (relative  to  the  antenna  aperture) 
are  described  in  terms  of  a  spherical-polar  coordinate  system  (Figure  15).  Here 
the  aperture  is  in  the  x-y  plane,  the  polar  angle  is  limited  to  jr/2  radians,  and 
the  origin  of  this  coordinate  system  is  shown  in  the  center  of  the  aperture.  Since 
only  the  fields  far  from  the  antenna  are  of  interest,  the  origin  could  just  as  well 
be  considered  to  be  on  the  central  axis  of  the  nose  cone.  The  y  axis  of  the  antenna 
coordinate  system  is  then  coincident  with  the  spin  axis  of  the  reentry  vehicle. 

The  motion  of  the  vehicle  is  introduced  by  allowing  the  antenna  coordinate  system 
to  rotate  about  another  fixed  system  (x1,  y',  z')  which  locates  the  nose  cone.  As 
shown  in  Figure  16,  the  y  and  y'  axes  are  coincident,  r  is  the  distance  from  the 
antenna  (nose  cone)  to  the  ground  receiving  site  in  the  primed  system,  the  spin 
angle  <t>Q  measures  the  rotation  between  the  two  coordinate  systems,  and  is  the 
local  look  angle.  Because  the  reentry  is  vertical,  is  fixed  for  many  rotations 


15.  Fante,  R.  L.  (1971b)  Calculation  of  the  admittance,  isolation,  and 
radiation  pattern  of  slots  on  an  infinite  cylinder  covered  by  an  inhomogeneous 
lossy  plasma.  Radio  Science  6(No.  3). 
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Tigurel5.  Coordinate  System  Figure  16.  Coordinate  System  for  Slot 

for  Slot  Antenna  on  an  Infinite  Antenna  on  Reentry  Nose  Cone 

Ground  Plane 


of  the  nose  cone,  vary  ig  so  slowly  with  altitude  that  it  can  be  considered  constant 
and  equal  to  59°  for  M  '  itudes  between  250  kft  and  200  kft. 

The  angles  and  0  which  describe  the  motion  of  the  nose  cone  fix  the 
angles  <£  and  e  from  which  the  antenna  field  is  determined.  The  relations  among 
these  angles  are  most  easily  obtained  by  equating  the  projection  of  r  in  terms  of 
0  and  6  with  the  projection  in  terms  of  0Q  and  0  on  each  of  the  coordinate  axes 
x,  y,  z,  in  turn.  For  the  x  projection,  r  sin  0  cos  0  =  r  cos  0q  sin  0.  For  the 
y  projection,  r  sin  0  sin  0  -  r  cos  0  and  for  the  z  projection  r  cos  0  =  r  sin0Q 
sin  0.  From  these  it  is  easy  to  obtain 

cos0  =  sin0  sin0Q  ,  (5) 

tan0  =  cot0  sec0Q  . 

As  a  final  justification  fo.’  using  the  flat  plate  model,  the  free  space  radiation 
pattern  of  the  nose  cone  is  compared  to  the  theoretical  flat  plate  pattern  (Eq.  A3) 
in  Figure  17  for  +  =  90  .  As  can  be  seen  there  is  good  agreement  between  the 

two  for  10  <  0o  <  170°,  The  flat  plate  pattern  is  always  zero  for  180°  <0O  <  360°, 

so  only  the  front  lobe  of  the  antenna  pattern  is  of  interest  in  this  model. 

The  specific  calculations  which  are  required  to  determine  the  flow  field 

10  9 

properties  at  each  altitude  are  found  in  the  work  of  Lew  and  Lennon.  The 
results  of  these  calculations  based  on  vibrational  equilibrium  give  the  electron 
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Figure  17.  Comparison  of  Computed  Pattern  for  Slot  on 
Flat  Ground  Plane  and  Measured  Pattern  for  Reentry  Nose 
Cone.  ^  =  90°.  Receiver  polarization-vertical  linear. 


density  and  collision  frequency  profiles  of  the  plasma  as  a  function  of  altitude  for 
various  body  locations.  The  variation  in  plasma  properties  in  the  normal  direc¬ 
tion  is  taken  into  account  by  u;.ing  a  layered  model  where  the  properties  within  a 
layer  are  uniform,  changing  only  between  slabs.  The  plasma  is  assumed 
homogeneous  in  the  lateral  direction.  The  division  of  the  computed  electron 
density  and  collision  frequency  profiles  into  slabs  is  shown  in  Table  4  for  the 
eight  altitudes  for  which  the  patterns  were  computed. 

Using  these  plasma  properties  and  the  physical  characteristics  of  the  trans¬ 
mitting  antenna,  one  computes  the  signal  attenuation  as  a  function  of  <j>Q  for  each 
altitude  of  interest.  The  results  for  ^  =  59°  are  shown  in  Figure  18  indicating 
that  significant  changes  can  be  expected  in  the  attenuation  patterns  with  changes 
in  altitude.  In  these  calculations  the  attenuation  refers  to  the  reduction  (over 
the  free-space  value)  in  the  power  radiated  by  the  vehicle  antenna  as  observed 
by  a  completely  polarized  receiving  antenna  on  the  ground. 

The  comparison  of  fhe  computed  antenna  system  parameters  with  those 
which  were  observed  during  the  flight  can  now  be  carried  out. 
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Figure  18.  Computed  "Amplitude  Patterns"  for  Plasma 
Covered  Slot  Antenna 


!>.  FLIGHT  TEST  RESULTS 

As  previously  mentioned,  a  non-zero  angle  of  attack  caused  the  plasma, 
as  seen  by  a  point  on  the  vehicle  surface,  to  vary  as  the  nose  cone  rotated.  This 
introduced  a  corresponding  variation  in  any  microwave  measurement  sensitive 
to  a  change  in  plasma  conditions  between  the  windward  and  leeward  sides.  For 
comparison  therefore,  the  results  are  presented  in  terms  of  the  same  angular 
point  for  each  spin  cycle.  The  windward  or  leeward  sides  do  not  necessarily 
correspond  to  the  positions  of  maximum  or  minimum  effect.  Often  intermediate 
locations  produce  larger  variations. 

The  reduced  flight  data  for  the  powei  reflection  coefficient,  caused  by  the 
antenna  impedance  mismatch,  is  shown  as  a  function  of  time  (Figure  19).  Here 
only  the  values  for  the  windward  and  leeward  sides  have  been  plotted.  As  in¬ 
dicated,  for  a  g.  /en  altitude  during  its  build-up  period,  the  power  reflection  co¬ 
efficient  was  always  larger  on  the  windward  side  than  on  the  leeward  side. 

Once  the  plasma  frequency  on  both  sides  reached  the  operating  frequency,  the 
variation  in  antenna  response  diminished  greatly.  Beyond  413  sec  the  telemetry 
signal  (this  data  was  transmitted  over  the  telemetry  link)  became  intermittent 
and  some  reflection  coefficient  data  points  were  missed.  Also  plotted  here  is 
the  theoretical  power  reflection  coefficient  obtained  from  the  computer  program. 
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Figure  19.  Power  Reflection  Coefficient 


It  is  especially  important  to  notice  that  the  predicted  value,  compiled  for  zero 
angle  of  attack,  falls  between  the  measured  re i, ponses  of  the  windward  and  lee¬ 
ward  sides. 

The  operational  significance  of  this  antenna  mismatch  (detuning)  is  better 
appreciated  when  given  in  terms  of  an  equivalent  reduction  in  transmitted  signal. 
The  effective  reduction  in  signal  strength  due  to  antenna  impedance  mismatch  is 
plotted  in  Figure  20.  Values  in  excess  of  10  dB  are  observed  for  the  overdense 
plasma. 

The  interantenna  coupling  loss  defined  by  Eq.  (2)  is  plotted  in  Figure  21  for 
the  windward  and  leeward  vehicle  positions.  As  indicated  the  coupling  loss  at 
first  decreased  slightly  and  then  rose  sharply  as  the  plasma  density  increased. 
During  the  buildup  period  t>e  decrease  in  antenna  coupling  was  always  less  on  the 
leeward  side  than  on  the  windward  side  except  for  a  short  period  at  the  onset  of 
plasma  conditions.  The  theoretical  value,  it  is  seen,  agrees  closely  with  the 
measured  i  rsponse  and  again  falls  between  the  windward  and  leeward  sides. 
Changes  of  greyer  than  25  dB  are  observed  in  interantenna  coupling  loss. 

The  interanteuna  coupling  loss  however  includes  the  effect  of  internal  reflec¬ 
tion  at  the  transmitting  antenna.  In  Figure  22,  the  coupling  loss  characteristic 
of  the  external  propagation  is  plotted.  The  external  coupling  loss  has  the  same 
general  characteristics  as  the  interantenna  coupling  Joss  except  for  a  reduction  in 
the  magnitude  in  the  overall  change  in  coupling.  Again,  the  zero  angle  of  attack 
computed  curve  falls  between  the  windward  and  leeward  body  positions. 
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Figure  20.  Plasma  Induced  Reflection  Loss 
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Figure  21.  Interantenna  Coupling  Loss 


Figure  22.  External  Coupling  Loss 


At  the  ground  receiving  sites,  the  signal  strength  of  the  test  signal  was 
measured  by  recording  the  receiver  age  voltage.  These  records  can  provide  an 
estimate  of  the  composite  signal  attenuation  caused  by  the  plasma  sheath.  The 
magnitude  of  the  age  voltage  varied  with  spin  since  this  changed  the  antenna 
orientation  relative  to  the  ground  station.  The  resulting  pattern  showed  one  main 
lobe  characteristic  of  a  single  slot  antenna.  The  back  lobe,  however,  was  not 
evident  even  at  altitudes  sufficiently  high  to  ensure  that  no  plasma  effects  yet 
existed.  This  distortion  was  introduced  by  the  ground  station  receivers  because 
the  frequency  response  of  the  age  loop  was  too  low  to  follow  the  antenna  pattern 
variations  of  the  spinning  vehicle. 

The  CSA  for  the  peak  value  =  90°)  of  the  received  signal  was  obtained 
from  Eq.  (4).  From  the  age  signal  the  received  signal  power  and  thf  time  of 
occurrence  of  the  peak  were  determined.  The  incident  power  Pinc  and  the 
reflected  power  Prej  corresponding  to  this  time  were  then  found  from  the  telemetry 
data.  Firally,  the  factor  (Pg/P.nc)Q  was  obtained  by  noting  the  values  of  the 
quantities  just  before  reentry.  The  result  of  this  exercise  is  plotted  in  Figure  23 
and  shows  that  there  is  an  increase  of  greater  than  25  dB  in  the  composite 
signal  attenuation  when  the  plasma  builds  up.  The  slight  decrease  in  attenuation 
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Figure  23.  Composite  Signal  Attenuation. 


at  plasma  onset  is  due  to  a  narrowing  of  the  antenna  radiation  pattern.  The 
theoretical  values  are  obtained  from  the  attenuation  patterns  of  Figure  18 
sampled  for  =  90.  Inspection  of  Figure  23  reveals  the  excellent  agreement 
between  the  computed  and  measured  values  during  the  initial  buildup.  However, 
the  computed  curve  shows  a  strong  resonance  as  the  plasma  becomes  critical. 

At  this  point,  there  is  first  a  sharp  decrease  in  the  attenuation,  quickly  followed 
by  a  more  gradual  increase  toward  the  measured  value.  The  measured  curve 
shows  a  perturbation  during  this  period,  also  indicating  the  existence  of  a 
resonance  phenomenon. 

The  amplitude  of  a  computed  resonance  effect  critically  depends  on  the 
detailed  plasma  conditions  at  that  instant,  and  very  small  changes  in  plasma 
properties  produce  a  large  change  in  response.  The  model  used  for  these 
calculations  only  approximates  the  actual  detailed  plasma  conditions.  For 
example,  in  an  actual  flight,  the  plasma  properties  which  are  neither 
homogeneous  nor  isotropic,  are  also  changing  because  the  nose  cone  altitude 
is  steadily  decreasing.  Superimposed  on  this,  is  a  cyclical  variation  induced 
by  the  vehicle  spin  and  the  non-zero  angle  of  attack.  In  contrast,  the  model 
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assumes  plasma  properties  that  are  laterally  homogeneous  and  Isotropic,  frozen 
in  time,  and  independent  of  spin  angle  (zero  angle  of  attack).  For  these  reasons 
the  computed  curve  is  not  a  good  representation  of  the  CSA  in  the  neighborhood  of 
the  resonance.  As  a  reminder  of  this,  the  computed  curve  in  Figure  23  is  dashed 
in  this  region. 

Theoretical  values  for  lower  altitudes  are  now  being  computed  and  will  be 
presented  in  another  report. 11  It  is  expected  that  away  from  the  resonance  there 
will  again  be  good  agreement  between  the  computed  and  measured  values. 

The  CSA  as  a  function  of  spin  angle  is  called  the  composite  signal  attenua¬ 
tion  pattern  and  graphically  represents  the  variation  with  spin  of  the  received 
signal  power  as  the  plasma  builds  up.  The  measured  values  are  easy  to  obtain 
from  the  age  records  and  the  corresponding  values  of  radiated  power  (as  was  done 
for  Figure  23).  The  variation  in  the  measured  value  depends  on  the  polarization 
characteristics  of  the  receiving  antenna  system  at  the  ground  receiving  site.  In 
contrast,  the  computed  curves  shown  in  Figure  18  give  the  signal  power  which 
would  be  received  by  a  completely  polarized  system.  Therefore,  these  curves 
must  first  be  modified  to  reflect  the  polarization  properties  of  the  receiving 
antenna  before  they  can  be  compared  to  the  measured  curves.  This  added 
computation  is  not  necessary  here  since  the  ground  receiving  antennas  had 
circular  polarization.  The  measured  and  computed  CSA  patterns  are  compared 
in  Figure  24  for  several  altitudes.  In  evaluating  these  curves  it  should  be  kept 
in  mind  thst  the  nose  cone  antenna  pattern  has  a  back  lobe  and  the  flat-plate 
model  does  not.  Only  the  attenuation  for  0  <  ^  <  180  then  is  to  be  compared. 

In  addition,  for  ®  0  and  ±  180°,  the  propagation  path  (in  the  model)  is  at 
a  grazing  angle  and  stays  within  the  plasma  slab  literally.  At  these  angles 
the  flat-plate  model  does  not  adequately  represent  the  real  plasma  covered 
nose  cone  and  predicts  too  much  attenuation.  For  this  reason,  the  region  of 
comparison  is  restricted  to  the  spin  angles  10°  <  <t>Q<  170°.  It  should  also  be 
remembered  that  the  long  time  constant  of  the  age  loop  response  caused  severe 
distortion  of  the  measured  data  in  the  region  of  the  back  lobe.  Nevertheless, 
comparison  of  the  computed  and  measured  curves  for  the  three  highest  altitudes 
shows  good  agreement  so  far  as  attenuation  pattern  narrowing  and  increase  in 
received  signal  at  plasma  onset  are  concerned. 

The  pattern  at  225  kft  is  particularly  interesting;  it  corresponds  to  the  system 
going  through  plasma  resonance.  This  effect  occurs  over  a  very  narrow  altitude 
range.  The  computed  value  assumes  that  the  plasma  properties  remain  constant 
during  an  entire  spin  cycle.  In  reality  the  plasma  properties  are  changing  with 
altitude  during  a  spin  cycle.  At  225  kft,  there  is  an  altitude  change  of  about  1.  5  kft 
during  one  revolution.  The  resonance  effect  observed  in  Figure  24d  occurs  only 
over  an  altitude  range  of  about  3000  ft.  It  is  not  surprising  then  that  the  location 
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Figure  24.  Composite  Signal  Attenuation  .  0  =  59°  (a)  240  kft. 
(b)  235  kft 
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figure  24  (Contd. ).  Composite  Signal  Attenuation.  0  =  59°  (e)  220  kft, 
<f)  215  kft 
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of  the  resonance  and  the  relative  amplitude  of  the  two  peaks  are  different.  The 
important  result  here  is  that  a  resonance  effect  was  indeed  observed.  It  should 
also  be  remembered,  as  discussed  in  connection  with  Figure  23,  that  the  com¬ 
puted  values  in  the  neighborhood  of  plasma  resonance  may  not  adequately  represent 
the  true  conditions. 

Inspection  of  the  age  records  discloses  that  the  indicated  signal  strength 
from  the  back  lobe  decreases  more  rapidly  with  plasma  buildup  than  does  the 
signal  from  the  main  lobe.  Although  the  absolute  difference  is  subject  to 
question  because  of  the  distortion  in  the  records,  the  trend  is  apparent. 

Figure  25  shows  a  plot  of  the  ratio  of  the  front  lobe  to  back  lobe  received  power. 
This  larger  drop  in  the  back  lobe  power  is  to  be  expected,  since  the  signal  must 
propagate  over  a  longer  path  in  the  plasma  for  this  condition. 


Figure  25.  Comparison  of  Composite  Signal  Attenuations  of  Front  Lobe 
and  Back  Lobe.  0  =  59°,  =  90°  (Main  Lobe),  =  180°  (Back  Lobe) 
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6.  SIMMARY 


To  study  the  effects  of  shock  ionized  air  on  the  performance  of  a  microwave 
system,  the  goal  of  the  flight,  has  been  achieved,  as  substantiated  by  the  experi¬ 
mental  data  presented  in  this  report.  It  has  also  been  shown  that  the  theoretical 
computations  of  antenna  operation  are  in  good  agreement  with  experiment.  This 
means  that  not  only  must  the  models  used  for  the  antenna  calculations  be  reasonably 
good,  but  that  flow  fields  used  as  inputs  for  these  calculations  must  be  equally 
good  representations  of  the  true  conditions. 

In  particular,  the  measured  and  computed  values  of  antenna  impedance 
mismatch  and  interantenna  coupling  agreed  closely  for  the  entire  flight.  Similar 
agreement  was  obtained  for  the  composite  signal  attenuation  for  altitudes  above 
225  kft.  At  this  altitude,  however,  the  strong  resonance  which  occurs  in  the 
computed  data  causes  a  marked  difference  between  theory  and  observation.  More 
computations  at  lower  altitudes  are  now  being  carried  out,  and  it  is  expected 
that  these  new  results  will  again  agree  with  observation. 

During  this  flight,  measurements  were  also  made  of  electron  and  positive 

2 

ion  density,  and  reported  separately.  These  results  can  now  serve  as  a 
standard  against  which  to  measure  the  effectiveness  of  various  chemical 
additives  to  eliminate  the  performance  limitations  imposed  by  the  plasma.  Now 
the  measurements  made  with  additives  during  reentry  can  be  compared  with 
computed  values  (without  additives)  obtained  from  a  tested  theory.  One  of  these 

3 

chemical  alleviation  flights  in  which  Freon  114B2  was  used  as  the  additive, 
showed  significant  improvement  in  antenna  operation  over  similar  flights 
without  additive. 
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Appendix  A 


Slot  Aperture  Radiation  Field* 

The  electric  fields  E ,  and  E.  radiated  by  a  slot  with  a  uniform  aperture  distri- 

<P  (7 

bution  in  the  narrow  direction  and  a  cosinusoidal  distribution  in  the  broad 
16 

dimension  are  for  an  infinite  ground  plane: 

-  $  A  cos ^  cos0  and  En  =  0  A  sin#  .  (Al) 

The  fields  are  defined  in  terms  of  the  coordinate  system  in  Figure  15;  the  caret 
indicates  a  unit  vector,  and 


A  =  ikE  ab  exp  [-ikr] 


sin  (ka  sindi  sinO)  cos  (kbcosd  sinO) 
rka  sin^  sin0  [  (kbcos^>  sin0)-(ir/2)2]  *'2 


(A2) 


The  relative  power  radiated  in  any  direction  is  found  from  the  relation 


p(e,<j>) 


( VV  • 

[  (E  +2  )  •  (g%E*)| 

1  <j>  0  <t>  0  ’max 


(A3) 


16,  Collin,  R,  E. ,  and  Zucker,  F.  J,  (1969)  Antenna  Theory,  Parti, 
McGraw  Hill,  New  York. 
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